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Abstract: In this work, we characterize the energy and electron transfer kinetics of a zinc
phthalocyanine-perylenediimide dyad (ZnPc-PDI) in various solvents using steady-state and
tunable narrowband pump-probe spectroscopy. We fit the ultrafast data with global analysis
techniques and find that upon excitation of the PDI moiety, (pump pulse at 540 nm) the excitation
energy transfer (EET) rate to the ZnPc moiety displays a solvent sensitivity that we attribute to
changes in relative equilibrium moiety orientation. We rationalized these observation by
considering the nature of the non-rigid bridge used to link the two moieties as well as the
degenerate nature of the Q band transitions in the ZnPc species. When we tuned the pulse in
resonant with the ZnPc moiety (685 nm) we directly photo-induce an electron-transfer process
back to the PDI. Employing the same global analysis, we find that the dynamics of the ultrafast
electron transfer (ET) are completely kinetically controlled according to the Bixon-Jortner model
of barrierless solvent-controlled curve crossing, while the recombination to reform the ground state
is well-described by the static energetic picture according to Marcus theory.



1. Introduction

Molecular model systems have been increasingly developed to predict and understand the
photophysical behavior of both natural and artificial light harvesting systems. In the framework
of renewable energy technologies such as organic photovoltaics (OPVs), model systems composed
of carbon-based chromophores have been designed in order to better understand which steps in the
energy conversion process could be responsible for low overall efficiency, and thus subsequently
optimized for better device performance®>®. Donor-acceptor (D-A) dyad systems in solution have
been extensively studied to investigate myriad fundamental photophysical processes at play in both
functional organic electronics and natural light induced processes, with particular emphasis on
excitation energy transfer (EET) and charge transfer with great contextual diversity’2.

Two particularly commonly used molecular moieties for model systems are the zinc
phthalocyanine (ZnPc)'*!* and the perylenediimide (PDI) **1° . These planar molecules contain
delocalized m-electron systems leading to strong absorption in the visible region of the
electromagnetic spectrum*®1”. Along with their high extinction coefficients, both the perylene and
phthalocyanine classes of molecules are remarkably photostable and make for easy solution
processing either for use in devices'®*°, or as dyes for painting applications®°. D-A type molecular
systems composed of PDIs and Pcs have shown a variety of photophysical dynamics following
photoexcitation, both in mechanism and in reaction kinetics?-24,

Here we study a ZnPc-PDI dyad® by ultrafast pump-probe spectroscopy. In this model
system, the ZnPc is linked via a peripheral position ethoxy bridge at the imide site of the PDI,
shown in Figure 1. The lack of conjugation and the length of the ethoxy bridge points to a weakly
coupled D-A molecular system such that the absorption spectrum of the dyad is similar to the sum
of the absorption spectra of the two components®>-2. Furthermore, two sulfone groups have been
added to the PDI 1,7-bay positions, and six tert-octylphenoxy groups to the peripheral positions of
the ZnPc, which alter the relative energies of the excited states of the molecules without changing
the overall electronic structures of the ground state®® 2’. The photophysics upon excitation at 355,
410, and 530 nm of this ZnPc-PDI dyad have been previously studied in toluene and benzonitrile
(PhCN), where the authors reported EET from PDI to ZnPc and photoinduced electron transfer
(ET) from ZnPc to PDI on the femtosecond and picosecond timescales?®.

Our investigation aims to complement previous studies of the excited state dynamical
processes in the ZnPc-PDI system by tracking kinetics changes upon solvent variation. We employ
two sets of experiments where the excitation wavelength is tuned either to the PDI or ZnPc lowest
excited singlet state, 540 nm and 685 nm respectively. The chosen solvents are toluene, PhCN,
tetrahydrofuran (THF), and dichloromethane (DCM), which have different properties in terms of
size, dielectric constant (€), and dielectric relaxation time (td). These key parameters represent the
main factors that have been shown to influence photodynamic kinetics and mechanisms according
to the Bixton-Jortner and Marcus models for electron transfer as well as the weak-coupling Forster
resonance energy transfer model 2°%, Recently, others have shown a solvent dependence to



electron transfer in similar ZnPc-PDI systems®!32—our experiments serve to complement their
results with a physical description of the origin of the ultrafast kinetics and steady-state spectral
features. We find that the differences in EET rates between our dyad in different solvents are more
readily explained by a flexibility in moiety arrangement which modifies the center-to-center
distance between the moieties. Furthermore, we find that by varying the solvent we elucidate the
mechanism of both the forward and back ET, as the forward ET appears to trend with the dielectric
relaxation time of the solvent even though the reaction should classically be in the Marcus inverted
region in all solvents, while the rate of back ET is completely controlled by the energetics of the
charge-separated state and spans from the normal to inverted Marcus regimes.

2. Experimental methods

Perylene monoimide monoanhydride (PMAMI), ZnPc, and ZnPc-PDI were synthesized
according to the procedure in Ref. 25, and then used as received. Steady-state absorption
measurements were taken using an Agilent Cary 60 Spectrophotometer (Agilent Techonologies,
Santa Clara, CA), with an integration time of 0.1 s and a data interval of 1 nm. Fluorescence
measurements were taken using a QuantaMaster 400 (HORIBA Scientific, NJ), with excitation
and emission slit widths of 2 nm. The emission monochromator which was used for PMAMI
fluorescence measurements utilizes a grating with 1200 lines/mm and is blazed for 400 nm, while
the ZnPc fluorescence measurements the monochromator was changed to a grating with 600
lines/mm and blazed for 1000 nm. Absorption measurements were done using a 1 mm cuvette,
for which the maximum absorbance for the measured solution was never above 0.1 OD. For the
fluorescence measurements, a 1 cm cuvette was used and the OD was never above 0.05 OD in
order to avoid inner filter effects.

The full description of the pump-probe setup can be found elsewhere®. Briefly, a 1 kHz
regeneratively amplified Ti:sapphire laser system (Coherent Libra, Santa Clara, California)
outputs approximately 45 fs pulses centered at 800 nm with an average power of 4 W. The beam
is sent through a 90-10 beamsplitter to create pump and probe arms. The pump arm takes higher
power reflected pulses and directs them into a commercial optical parametric amplifier (OPerA
Solo, Vilnius, Lithuania), which converts the input 800 nm pulses into narrowband (~10 nm)
temporally short (100 fs) pulses at either 540 or 685 nm. Both the output of the OPerA Solo along
with the remainder of the Coherent Libra output from the beamsplitter were directed into a
commercial transient absorption spectrometer (Ultrafast Systems Helios, Sarasota, Florida). The
pump light was sent through a 500 Hz optical chopper and then focused into a 1 mm cuvette
containing the sample at 0.1 OD, with an incident pump power of 125 uW. A power dependent
study on all samples can be found in the Supplementary Information. We found that the 125 pW
pump power is within the linear excitation regime for each molecule studied with the exception of
ZnPc. In order to fulfill the linear excitation criterion for this sample, Fig. 2b shows the transient
spectra of ZnPc measured at 60 uW pump rower. The probe pulse is generated by focusing the 800
nm pulses into a sapphire crystal, producing a supercontinuum from 450 nm to 800 nm. The
residual fundamental from the supercontinuum generation was minimized using optical filters, and
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the probe light was spatially overlapped with that of the pump and focused onto the cuvette. The
spectral difference between the transmission of the probe pulse through the sample with and
without the pump pulse constitutes a AA signal according to:

Tpump on (’1) t))

AA(At) = =1
(4.0 o8 ( Tpump of (A1)

Combinations of A/2 waveplates and polarizers were used to both attenuate the beams as well as
to control the polarization of the incident light. The relative polarization of the pump pulse to the
probe pulse for the measurements was 54.7°. Pump-probe temporal delays were achieved by
delaying the probe arm before supercontinuum generation, which were exponential in terms of
temporal spacing from short times to long times. Each scan contained up to 1000 points, and >20
scans were averaged in order to increase the signal-to-noise ratio. The resultant transient
absorption spectra were also corrected for group velocity dispersion by polynomial fitting of the
coherent artifact.

For this study, ZnPc-PDI in all four solvents were analyzed using global analysis®*.
Software to perform this kind of analysis is freely available using the Glotaran software package,
which allows specification of a particular kinetic scheme as well as the number of states to model
the kinetic evolution of the transient spectra®. For this analysis, we use only use the time points in
the experiment after the coherent artifact and submit to the analysis software a near delta function
width for the instrument response function (IRF). For the 540 nm excitation wavelength, we limit
our analysis to only the first 3 ps after photoexcitation, since the subsequent dynamics is essentially
equivalent to the experiment with 685 nm excitation, although with lower signal-to-noise due to
the lower extinction coefficient at 540 nm. For the 685 nm excitation wavelength, we impose a
sequential population model, meaning that there is an evolution-associated decay spectrum
(EADS) which corresponds to each of the states that decay into each other with rate constants that
minimize the residual between the data and the global fit. In essence, each of these states has its
own associated transient spectrum which evolves into the subsequent state with its own spectrum,
an evolution which occurs with a particular rate ki which denotes the evolution from state i to state
i-1. Evolution of EADS is a much more reliable metric for dynamics than single wavelength traces,
since the evolution of one spectrum to another accounts for shifts in peak positions as well as
overall amplitude changes in the spectrum.

3. Results

A. Steady-state absorption and fluorescence of constituent monomers. The steady-state
absorption spectrum of PMAMI in toluene is reported as the solid red trace in Figure 1a, depicting
the characteristic vibronic progression associated with the perylene family of molecules. The Amax
of PMAMI in toluene is centered at 523 nm (19,100 cm™) and corresponds to the 0-0 vibronic
peak of the S transition. As is the case for most substituted perylenes and perylene derivatives,



the transition dipole moment of the Su transition in PMAMI points along the long molecular axis®®.
The fluorescence spectrum upon excitation at 475 nm is reported as the dotted red trace in Figure
la.
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Figure 1. Absorption and fluorescence spectra of (a) PMAMI (b) ZnPc (c) ZnPc-PDlI, as well as
the probe spectral coverage (shaded) and the pump wavelengths (540 nm green, 685 nm red
arrows)

The Amax for fluorescence in PMAMI is at 552 nm (18100 cm™), corresponding to a Stokes shift
of 1,000 cm™*. The fluorescence quantum yield for PMAMI and related perylenes have been shown
to be greater than 90%, corresponding to relatively slow rates of intersystem crossing and
nonradiative decay in comparison to the rate of the fluorescence®’. Due to the two sulfone groups
attached to the bay positions of the perylene core, heavy atom effects increase the spin-orbit
coupling, consequentially increasing the rate of intersystem crossing and decreasing the
fluorescence quantum yield in comparison to more standard perylene derivatives. They also serve
to spread out the electron density further from the core of the molecule, a substitution which is
known to further stabilize the perylene anion.



The steady-state absorption spectrum of ZnPc in toluene is reported as the solid blue trace
in Figure 1b. As a member of the metal phthalocyanine family, the absorption spectrum is
characterized by a strong absorption at 676 nm (14,800 cm™), which in metallated systems denotes
the Q (0-0) transition. Two vibronic shoulders Q (0-1) and Q (0-2) peak are located at 645 nm and
610 nm respectively. The Q transition in metallated and symmetric phthalocyanines is composed
of two degenerate perpendicular transition dipole moments that point from each pyrrole ring to the
one in the opposite corner. The broad peak centered at 357 nm is assigned to the Soret transition,
denoted the B band, although computational studies®® as well as magnetic circular dichroism®
support the hypothesis of a manifold of electronic transitions. The fluorescence spectrum upon
excitation at 620 nm reported as the dotted blue trace in figure 1b, displaying a Amax of fluorescence
at 701 nm (14,300 cm™) and corresponding to a Stokes shift of 500 cm™. Fluorescence quantum
yields for metallated phthalocyanines usually depend on the extent of spin-orbit coupling, which
correlates with the molecular weight of the coordinating metal. Because of the competition
between the nonradiative decay, intersystem crossing, and fluorescence decay, the fluorescence
quantum yield for our ZnPc should be ~10%.

The steady-state absorption spectrum of ZnPc-PDI, reported in Figure 1c, is clearly
comprised of a linear combination of the PMAMI and the ZnPc absorption spectra. However, some
differences can be noted: the spectral features related to the ZnPc at 358 nm and 681 nm are are
both redshifted from the original monomer absorption. Furthermore, the ratio of oscillator strength
between these two peaks has changed, with the B transition appearing with relatively greater
intensity when both ZnPc and ZnPc-PDI are normalized at the Q(0-0) transition. The Q transition
region shows further changes in the dyad as compared to ZnPc, where the Q(0-1) shoulder seems
to lose oscillator strength to the point where it is no longer clearly visible, while the Q(0-2) feature
does not noticeably change aside from the aforementioned redshift. The transitions between 450
and 580 nm in ZnPc-PDI mostly resemble PMAMI absorption features, with the absorption
maximum in this region red-shifting to 536 nm along with spectral broadening of its vibronic
features. Both the 0-2 vibronic transition in the S1 vibronic manifold and the Sz transition in the
PMAMI cannot be identified in the dyad, likely due to the underlying absorption coming from the
lower energy tail of the B transitions in the phthalocyanine. A similar tail in the Q region absorption
can be seen overlapping slightly with the redmost portion of the now PDI moiety absorption.
Previous studies on this ZnPc-PDI dyad report a fluorescence quantum yield decrease of 97%
going from the ZnPc monomer to the ZnPc-PDI dyad?. The lack of appearance of any new
absorption features, as well as the retention of the individual features of the PDI and ZnPc moieties
point to a weak coupling between the two constituent chromophores in the dyad.

B. Excitation energy transfer (EET) from PDI* to ZnPc in toluene. The ultrafast
transient absorption spectra AA of PMAMI in toluene upon photoexcitation at 540 nm are shown
in Figure 2a at different pump-probe delays. At the earliest time (0.1 ps), after the contribution
from the coherent artifact, the spectrum is dominated on the blue side of the spectrum with negative
AA signal, corresponding to a mixture of ground state bleaching (GSB) and stimulated emission



(SE), and in the red side of the spectrum, a positive AA signal which denotes an excited state
absorption (ESA). The three negative peaks on the blue side of the pump-probe spectrum
correspond to the three peaks in the absorption spectrum, hence designating a mixture of SE and
GSB features. The ESA centered at 746 nm corresponds to a Si1 to S transition, where Sn is a
higher lying singlet excited state®®. At 5 ns, we notice that all pump-probe signals from the PMAMI
have mostly decayed, in agreement with nanosecond fluorescence lifetime measurements*.

Figure 2b shows the transient absorption spectra of ZnPc in toluene measured at different
pump-probe delays after photoexcitation at 685 nm. At 0.2 ps after photoexcitation, the spectrum
displays multiple ESA features, some of which overlap the negative pump-probe signals between
600 and 720 nm. The most prominent negative feature at 696 nm is attributed to a mixture of GSB
and SE, which is located energetically intermediate between the absorption and fluorescence
maxima. At 100 ps after photoexcitation, we note little to no change in the pump-probe spectrum,
suggesting that any dynamics in the system is occurring on a slower timescale than in the hundreds
of picoseconds, which agrees well with earlier studies of a similar zinc phthalocyanine*. At 5 ns,
we observe a substantial decay of the mixed SE and GSB feature at 697 nm as well as a decay of
ESA signal centered at 700nm and extending toward the NIR region. We attribute the decay of the
ESA to the formation of the triplet excited state, ZnPc®, which is known to have a broad ESA
feature centered at 520 nm. The partial decay of the GSB on this timescale implies an intersystem
crossing rate which is similar in magnitude to the rate of nonradiative population recovery to the
ground state*.
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Figure 2. Pump-probe spectra of PMAMI (a) and ZnPc (b) after photoexcitation at 540 nm and
685 nm respectively at various pump-probe delay (c) Transient spectra of ZnPc-PDI following
photoexcitation at 540 nm, with traces from this experiment at (d) 542 nm and (e) 687 nm shown
with global analysis fits. (f) Table of rate constants for EET extracted from global analysis, where
the numbers in parentheses are the errors to that decay component in the fit. All measurements
were performed at 125 uW pump power, with the exception of the ZnPc experiment, which was
performed at 60 pW.

Upon photoexcitation of the ZnPc-PDI dyad at 540 nm (Fig. 2c), we detect spectral features
that correspond to a combination of the individual signals observed in the transient spectra of the
individual moieties. Specifically, 0.2 ps after photoexcitation the SE and GSB bands of both the
PDI and ZnPc chromophores are present, as well as a broad ESA which extends from 625 nm to
the red edge of our detection range. With increasing pump-probe delay, we see the decrease of the
SE feature in the PDI region concomitant with the increase of both the SE band in the region
attributed to ZnPc and of the ESA features at shorter wavelengths. The kinetic traces in the PDI
and ZnPc SE regions are shown in Figures 2d and 2e, respectively. The ESA at higher wavelengths
remains relatively unchanged on this timescale, due to the overlapping of the two separate ESA
bands from PDI and ZnPc which leads to an apparent negligible change in intensity in this spectral
region for the dyad. It should be noted that following the transfer of population from the PDI
moiety to the ZnPc moiety, we only observed a growth in the negative signal in the ZnPc bleach
region without red-shifting of the peak to the new maximum of the GSB and SE combined negative
feature. The lack of observation of this red-shifting is likely due to the simultaneous growth of the
ZnPc S1 ESA signal which largely overlaps with the red side of the GSB and SE signals, which
may obscure this spectral evolution.

As shown in S19-S21, we observe multiexponential decay kinetics in the ZnPc SE feature
on the picosecond timescale following the end of its growth, as well as convoluted evolution
kinetics in the ESA regions both immediately to the red of this region as well as at the highest
energy edge of our detection limit. Assuming that these dynamics are the result of the population
of the S1 of the ZnPc moiety due to energy transfer, as we will discuss in the Discussion section,
we investigate these dynamics by directly exciting the ZnPc moiety at 685 nm. Since the extinction
coefficient at this wavelength relative to that at 540 nm is much greater, investigation of the
subsequent dynamics at this wavelength affords much greater signal to noise, as well as less
convolution of dynamics that may stem from PMAMI monomer impurities in the ZnPc-PDI
solution.

D. Electron transfer from ZnPc* to PDI in toluene. Upon photoexcitation of the ZnPc-
PDI dyad at 685 nm (Fig. 3a), we again observe a combination of features belonging to the
individual moieties. At 0.2 ps after photoexcitation, the pump-probe spectrum looks quite similar
to the spectrum after excitation at 540 nm, with a few important exceptions. The main difference
arises when we look at the negative pump-probe features, where the ZnPc SE feature is the most
intense negative feature, accompanied by ESA features which correspond to a ZnPc population of
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the Q state. The negative pump-probe signal in the PDI region of the spectrum is notably less
intense than in the 540 nm excitation case when compared to the negative signal in the ZnPc region,
further corresponding to a population of mainly the ZnPc Sz state.

The spectral progression from 0.2 ps to 10 ps displays some relatively surprising dynamical
signatures. The negative features ascribed to the combined SE and GSB of the Q band of the ZnPc
appears to both decay and blue-shift, accompanied by a growth and blueshift of the ESA located
in the 730 nm region. Upon progressing to 100 ps after photoexcitation, we report a global decrease
in intensity for both negative and positive pump-probe features.
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Figure 3. a. Pump-probe spectrum of ZnPc-PDI upon photoexcitation at 685 nm from 0.2 ps to
5000 ps b. Kinetic trace at 485 nm after 685 nm photoexcitation c. Kinetic trace 730 nm upon
photoexcitation at 685 nm.
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E. Solvent-dependent dynamics of ZnPc-PDI. We investigated the solvent effects on these
photoinduced dynamics upon photoexcitation of ZnPc-PDI by comparing the transient absorption
data of ZnPc-PDI measured in toluene with similar measurements of the dyad in THF, DCM, and
PhCN. The absorption spectra of the ZnPc-PDI in various solvents are shown in the supplementary
information (S7-9), and we note that there are not significant differences in the absorption spectra,
despite some minor solvatochromic shifts in both the PDI and ZnPc regions. Furthermore, the
excited state dynamics of our molecule in these different solvents display the similar overall
dynamics, although with different kinetics, as displayed in Figure 4. The top traces in Figure 4a
report the decay of the negative transient signal at 542 nm for all four solvents. In DCM and THF,
the intensity of the signal decreases much faster than in the case of Tol and PhCN. Just as in the
case of toluene, the early timescale population dynamics appear easy to analyze by looking at the
GSB and SE region for the ZnPc moiety at 687nm, reported as the bottom traces in figure 4a.
Predictably, this negative feature grows fastest for the DCM and THF cases.
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Figure 4. (a) Traces displaying population dynamics at early times following photoexcitation at
540 nm and with probe wavelength at 542 nm (top) and 687 nm (bottom) corresponding to energy
transfer in different solvents. (b) Traces displaying population dynamics following photoexcitation
at 685 nm and with probe wavelength at 687 nm (top) and 730 nm (bottom).

Figure 4b shows the solvent dependence upon photoexcitation at 685 nm. We start from
the traces reflecting the decay of the ZnPc SE (top traces of figure 4b). Similar trends are observed
in the two probe temporal delays in THF and DCM (0.2 ps to 1-2 ps) and in toluene and PhCN
(0.2 ps to 5-10 ps). While others have attributed the initial dynamics after photoexcitation to
solvent relaxation*? (an explanation which also our results support) the similarities between
these initial dynamics of our dyad in PhCN and toluene is unexpected. The dynamical decrease in
intensity of the SE following this initial event, though, in general displays biexponential character,
which is relatively unsurprising considering that we are aware of the overlap of GSB and SE
features from the ZnPc moiety. This picture becomes more complicated in the case of toluene,
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where not only the duration of the excited state is much longer than that of others, but that also the
decay of the SE and GSB follows a clear multi exponential trend. This picture becomes obvious
as we analyze the traces at 730 nm for the various solvents, (bottom Figure 4b bottom panel). In
toluene, the perplexing kinetics which was hinted at in tracking the SE manifests itself in the form
of a decay in ESA signal, then subsequent rise in signal presumably after the population transfer
has completed from ZnPc*, and finally a resumption of the decay of this signal on a much longer
timescale than in DCM, THF, and PhCN.

4. Discussion

A. Solvent-dependent EET dynamics. The extracted rate constants upon photoexcitation
at 540 nm are reported in Figure 2f. We constrain the fitting procedure up to 3ps in all cases, which
correspond to the energy transfer time from the PDI to the ZnPc before the ZnPc starts to decay.
We use the Forster resonance energy transfer model to interpret the experimental rates:

1, 2
JForster — TD9ln(10)k (pD]i

128m5N4n* R® (1)
Where 7, is the lifetime of the donor moiety, k is the orientation factor of the donor and acceptor
transition dipole moments, J is the spectral overlap between the normalized fluorescence spectrum
of the PDI donor and the extinction spectrum of the ZnPc acceptor, n is the bulk index of refraction
of the medium, and R is the center-to-center distance between the donor and acceptor in cm*.
Generally, we consider that solvents mainly modify the index of refraction (where increasing the
index of refraction decreases the rate of energy transfer due to screening effects). Nevertheless, in
our case changing solvents from toluene (n = 1.50), to DCM and THF (n = 1.41 and 1.42,
respectively) increases the rate (2.21 to 6.41 and 6.83 ps™!) close to threefold. A similar
inconsistency with the Forster rate arises when we consider that the energy transfer in PhCN (n =
1.53) is faster (2.88 ps™') than in toluene, even if we should expect a slower rate strictly from a
dielectric constant consideration.

The hypothesis that changes in the orientation factor and/or change in the center-to-center
distance between the two chromophores are responsible of the anomalous trend in the energy
transfer rate seems more plausible. The PDI and ZnPc moieties are linked together by a non-
sterically bulky aliphatic linker, as opposed to a rigid linker, linkers which are commonly used in
the field of model systems to restrict variations in chromophore nuclear conformation. A non-rigid
linker or bridge between two coupled moieties usually implies some conformational freedom in
the dyad, despite the relatively large amount of steric bulk attached to both PDI and ZnPc moieties.
Such conformational freedom could vary both the orientation factor and the center-to-center
distance about the equilibrium position, with the consequence of broadening the steady-state
absorption features of the dyad with respect to the individual monomers, which is more clearly
seen in the linear absorption measurement where the PDI moiety absorbs. In our dyad system, we
note that the ZnPc acceptor has two degenerate and orthogonal transition dipoles, one of which is
on the axis where the moieties are covalently bound. These degenerate transition dipoles in the Q
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band differ in their orientation, so the Forster equation needs to account for two possible acceptor
transitions:
K2 KZp  K2+KE

kger ~ 76 kger ~ R6 . R6 4)

A detailed treatment of the implications of both the non-rigid linker of the PDI and ZnPc
moieties is given in the Supplementary Information (S22). If we consider variability in the
arrangement of transition dipole moments with the assumption that they are all coplanar, we note
that the value of k? + k% deviates from the maximum value of 4 to ~2.5 at an angle of g radians

between the donor and the acceptor transition dipole moment parallel to the linker. Thus, if we
consider the progression away from linearity in the case of the two transition dipoles acceptors,
we recover a scenario where k?2,, remains relatively constant in comparison to large increases of
the value of 1/R®, corresponding to an increased sensitivity of the EET rate to the nuclear
configurations of the chromophores. The sensitivity in the relative orientation of the PDI and ZnPc
chromophore transition dipole moments could explain the drastic differences in the EET rates
despite similar spectroscopic factors as the spectral overlap and indices of refraction for the various
solvent cases.

B. Solvent-dependent photoinduced ET. Table 1 reports the extracted decay rate
constants after photoexciting the system at 685 nm. We have considered the full decay evolution
up to the nanosecond time scale and fit the decay evolution with 6 EADS which is the minimum
number of significant spectra needed. Global analysis with 5 EADS are reported in the
supplementary, along with the residuals associated with the fits of both the 5 and 6 EADS models
(Figures S23-S40). Figure 5 shows the EADS spectra obtained by global analysis in different
solvents in the 500-720 nm range.

Table 1. Rate constants for the spectral evolution of ZnPc-PDI in different solvents.

decay rate constants (ps™)
solvent K1 k2 ks ks ks Ks
(pump
685nm)
Toluene 2.7 0.47 0.09 0.016 0.0009 0.00005
(0.03) (0.005) (0.001) (0.0001) (0.00001) | (7E-6)
Amplitude 0.924 0.691 0.677 0.688 0.835 0.847
THF 2.77 0.23 0.26 0.037 0.0096 0.0002
(0.006) (0.0027) (0.003) (0.0003) (0.00005) | (0.00006)
Amplitude 0.984 0.801 0.344 0.647 0.619 0.909
DCM 2.08 0.4 0.39 0.051 0.014 0.00006
(0.009) (0.02) (0.02) (0.0008) (0.0001) (0.0002)
Amplitude 0.999 0.672 0.369 0.679 0.618 0.975
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PhCN 2.2 0.51 0.21 0.033 0.017 0.004
(0.03) (0.009) | (0.005) | (0.0008) |(0.0005) | (0.00009)

Amplitude 0.947 0.645 0.529 0.695 0.488 0.615

Table of rates derived from global analysis, employing a kinetic scheme with 6 levels and 6 rates for each solvent.
Numbers in parentheses are the errors associated with each rate constant. Amplitudes are reported as the maximum
value attained by the associated EADS such that the sum of each EADS at any point in time is equal to 1.

We observe a decrease in amplitude of the ZnPc SE as well as a changing ESA profile
which corresponds to the deactivation of the ZnPc-PDI* excited state as it undergoes electron
transfer to form ZnPc*-PDI-, which is reflected in toluene and PhCN as the decay of the 3" EADS
(EADS3) to EADSA4. The evolution from EADSL1 to EADS3 within these solvents is characterized
by spectral shifts in the ESA and SE peaks as well as minor changes in amplitude of these features,
the amplitude changes most likely deriving from the overlapping of positive and negative transient
signals. These spectral evolutions can be interpreted within the framework of previously reported
ultrafast kinetics in zinc phthalocyanines that can come from dielectric solvent responses to the
new charge distribution of the solvated dyad, although we are also unable to rule out contributions
from ultrafast hole broadening effects* 4, We note here that rate constants extracted from the
global analysis are approximately equal for all reported solvents, where one might expect a range
in this relaxation time if it purely had a solvent component. In THF and DCM, the decay of EADS2
is assigned to the ET rate, since EADS2 in these solvents have spectral profiles that reflect EADS3
in the PhCN and toluene cases.

B rTTTTTTTTT T T T I I TTTT T b

4);1 0-3 o] === EADS1 mmm= EADS2 === EADS3 =
—— EADS4 —— EADS5 EADS6

10 4 — EADS1 ‘ -

% — EADS2
-15 = —— EADS3 | -
— EADS4 |
-20 = — EADS5 =
EADS6
-25x10 = B
1 1 1 "N L |
c T T
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Figure 5. Global analysis EADS using six states and six rates for a,b. ZnPc-PDI in DCM and c,d.
ZnPc-PDI in toluene upon photoexcitation at 685 nm. Figures 5a, c. are magnified plots of the
ESA structure of the EADS in DCM and toluene, respectively.
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In all solvents, we see that the EADS4 decay rate is greater than that of EADS5, and that
beside a decrease in amplitude of the GSB feature of ZnPc, the ESA and GSB feature of the PDI
remain with approximately the same amplitude and slightly blueshifted, which would be in
accordance with a vibrational cooling and solvent relaxation to the bottom of the ZnPc*-PDI" free
energy surface. In the case of THF and DCM, this cascade of relaxation begins at EADSS3, since
in these cases their EADS already display greatly reduced ZnPc moiety SE signal. We assign the
precursor of the bET to the EADS which decays into a spectrum without the GSB of the PDlI,
which corresponds to EADS5 and 6, respectively. By assigning the decay of EADSS to the
recombination of the ZnPc*-PDI" to the ground state, we are implicitly assuming the CS state
transient spectra, leading us to a straightforward comparisons with spectra taken via spectro-
electrochemistry or transient spectra taken with the same chromophores, but in other weakly
coupled systems?. We assign EADS6 to a minor population of photoexcited ZnPc monomer in
the dyad solution, which decays on a timescale out of the range of the experiment, which is in
accordance with a long lifetime ZnPc triplet state.

Case 1 Case 2
(ZnPc'-PDIy** (ZnPc'-PDI)*
A 3 K, k, = k., A S k; = Ker
1 k, =k | Ks = Kuer
(ZnPc'-PDI)* 5 = Hoer ZnPc-PDI
; k (ZnP-PDI")*
v ZnPc-PDI k. L hv W
(685 nm) (ZnPc-PDI )* (685 nm) (ZnP&-PDI)*
bk i
k, ZoPctPDI” k, Z0PcPDI”
ZnPc-PDI ZnPc-PDI

Figure 6. Kinetic scheme derived from global analysis of ZnPc-PDI photoexcitation at 685 nm,
where in case 1 the dyad is in toluene or PhCN solution and in case 2 the dyad is in DCM or THF
solution. Asterisks (*) denote vibrationally hot or higher energy solvent configurations about the
excited state, for which the wavy arrows denote the cooling or solvation process.

Table 2. Contextualizing ET and bET rates with kinetic and energetic parameters

solvent

Ket (ps™)

7oL (ps e

-AGcs (eV)d

Kpet (ps™)®

- AGcr (8V)

Asolvent (ev)f

DCM

0.40?

0.45%

1.01

0.014

0.79

0.74
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THF 0.23% 0.25% 0.98% 0.0096 0.82 0.72
PhCN | 0.21° 0.21% 1.16 0.017 0.64 0.75
Tol 0.09° 0.18% 0.42 0.0009 1.38 0.05

Taken from the values of the decay constants of a. EADS2 b. and EADS3 c. Taken from literature values of
longitudinal dielectric relaxation time d. Calculated from the Weller equation (S14) e. Taken from the values of the
decay constants of EADSS5 f. Calculated from Marcus expression for reorganization energy (S15).

As noted in Table 2, the rates of the forward ET in all solvents deviate very little from the
inverse of the solvent dielectric relaxation time, taX. This observation is reminiscent of the Bixon-
Jortner model for solvent-controlled barrierless ET, where in the adiabatic limit the rate of electron
transfer is imposed by the solvent relaxation time*. This solvent-response dependence is quite
precedent in the literature, particularly in twisted-intramolecular charge transfer (TICT) systems*®
and other similar systems®-5!, We find the best agreement between ket and 1/tq in the polar
solvents, while in toluene we observe that the rate of electron transfer is slightly slower than the
rate of solvent relaxation.

Upon calculation of the solvent reorganization energy Asolvent, We note that that the
magnitude of the free energy of charge separation, AGcs, calculated from cyclic voltammetry
measurements?®, is greater than that of the reorganization energy for each solvent tested. This
formally sets the ET reaction in the Marcus inverted region. To reconcile the kinetic trend with the
solvent relaxation and reorganization energy, we interpret the ET reaction in the Bixon-Jortner
model and include high-frequency vibrational modes according to the following equations:

_yn_kia
ker = 3 ®)
2
kIT\}A — 21V (_ AGCS+Asolvent+nhv) (6)

hy/ 47 AsowentkBT 4nAsolventkBT

:HXL = ZVn2 (Td>/hlsolvent

Equations (5,6) describe the measured ET rate within the framework of the nonadiabatic electron
transfer rates, kna, to vibrationally-hot D*-A", where n is the number of quanta of an arbitrary high-
frequency vibrational mode v. While the coupling between the D*-A and D*-A" state, V, in this
framework is still electronic in nature, Va designates a weighting term proportional to the Franck-
Condon factor between the lowest vibrationally excited state of the reactant state and the n-th
vibrationally excited product state. In the context of the PDI-ZnPc dyad presented here, the high
frequency modes can come from either the donor ZnPc or acceptor PDI moieties. The adiabaticity
parameter, H ', contributes the dependence on 14 for cases in which H;* > 1. We find that using
a generalized high frequency mode (v = 1000 cm™, 0.12 eV), there is a series of relevant values of
n such that a near-barrierless condition is reached for each solvent case, ranging from n = 2 to 4.
The toluene case particularly deviates from the polar solvents in the trend that ket is similar in
value to td* possibly due to its much smaller reorganization energy at the limit of large adiabaticity.
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The rates of deactivation of ZnPc*-PDI" is sufficiently described by Marcus theory, since
the CS state returns back down to the ground state via a back-electron transfer (bET) to form the
singlet ground state of both chromophores®. In this case, we can evaluate the different bET rates
in the various solvents by using the energetic arguments in terms of free energy difference to
explain whether the reactions were in the Marcus normal or inverted regions, where the AG energy
difference to be considered is the one between the CS state and the ground state, noted as AGcer in
Table 2. By looking at the energetics in Table 2 for toluene, we note that the magnitude of AGcr
IS much greater than the reorganization energy in this solvent, placing the bET deep into the
Marcus inverted region—and indeed, we see the slowest EADS5 decay rate in toluene. We suggest
by screening arguments that the CS states in DCM and THF should be lower in energy relative to
the CS state in toluene, so that if the bET in toluene is in the inverted region, then the bET in DCM
and THF will be energetically lower in the inverted region. This hypothesis is supported by the
fact that the decay rates associated with EADS5 have higher values in DCM and THF than in
toluene, as well as the results from both the Rehm-Weller calculations and reorganization energy
calculations. As further support of the assignment of the bET to a Marcus-type mechanism, we
note that the reorganization energy in the case of ZnPc*-PDI" in PhCN is sufficiently large to place
the recombination to the ground state in the normal regime, and appropriately its deactivation rate
is the greatest among the solvents tested.

s ET- Bixon-Jortner bET- Marcus

G
A ZnPc*-PDI 2 A
(ZnPc-PDI)

+ . o
(ZnPc-PDI) (znPE-PDI)

ZnPc-PDI
> Usgoivent Y]

solvent

Figure 7. A graphical representation of the proposed arrangement of free energy surfaces of the
ZnPc*-PDI" species. The figure on the left depicts an electron transfer in the near-barrierless regime
to high frequency vibrational modes on the product free energy surface corresponding to the
forward ET, while the figure on the right depicts the recombinative back electron transfer
according to classical Marcus theory.
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5. Conclusion

In this work, we performed a comprehensive study of the ZnPc-PDI dyad by using a
combination of solvent variation and ultrafast pump-probe spectroscopy to uncover how EET and
ET Kinetics change in weakly coupled D-A model systems. By tuning the pump pulse to be in
resonance with either the PDI or ZnPc moiety’s absorption, we time-resolved the excited-state
evolution covering the femto-to-picosecond timescale in the two cases. Global analysis allowed
us to correlate spectral evolution with the energy and electron transfer to their respective decay
constants, allowing for straightforward comparison of the dyads photochemical kinetics between
the different solvents.

In the case of EET after photoexcitation at 540 nm, we quantified the EET rates and found
that they could not simply be explained solely by the change in the solvent parameters. We
proposed instead that the equilibrium configuration of the ZnPc-PDI’s constituent chromophores
may change depending on dielectric environment or solvent packing. In the 685 nm experiment,
we directly induce the ET mechanism. In all the solvents the ET rate trends closely along with the
dielectric relaxation time of the solvents used. We interpreted these findings within the Bixon-
Jortner ET framework, such that the dyad undergoes solvent-controlled barrierless ET from the
reactant free energy surface to a high frequency vibrational mode in the product state. For the bET,
we suggest that the relatively high dielectric screening in PhCN brings this electron transfer in the
normal region while in toluene, THF, and DCM they are in different locations in the inverted
region, which rationalizes the faster decay rate in PhCN. The relatively fast recombination of the
CS state in PhCN has been previously reported in similar ET dyads®*, for which this work
provides an explanation for in terms of Marcus normal region ET.

While varying the solvent in these types of photoinduced ET systems is common in the
literature, our work provides insight into both static and dynamic roles played by the solvent in the
charge-transfer process by using a set of solvents which span different dielectric relaxation times
and dielectric constants, allowing straightforward assignment into ET theories with varying levels
of complexity®>>’. This study overall highlights some of the nuances of non-rigid model DA
systems, where not only do we consider the implications of our dyad’s adjustable relative moiety
orientation depending on interactions with solvent, but that we can also justify and explain its
dynamic photochemistry within accepted models of EET and ET.

Supporting information description

Steady-state spectra of PMAMI, ZnPc, and ZnPc-PDI, single wavelength traces of pump-probe
spectra after excitation of ZnPc-PDI at 540 nm, global analyses of ZnPc-PDI after photoexcitation
at 685 with 5 states and residuals for all fits, and calculations associated with EET modeling and
ET energetics.
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